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Defining, measuring, and interpreting jet final 
states in hadron collisions

Bob Hirosky
University of Virginia

Jet Results from DØ

and a little bit of background
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PP collisions and jet production
The initial state
Non-perturbative parton distribution functions (PDFs) give 
initial parton states.  Determined empirically.

e.g. Deep inelastic scattering to probe proton structure

{Hadronic 
recoil
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Initial state
Hadron structure is rather fluid.  
The harder you look, the more 
you see.  Valence quarks account 
for ~few percent of proton's 
mass.  The rest is due to QCD 
interactions, creating a sea of 
partons of incredible complexity 
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Q2 = level of magnification
High momentum 
probes needed to 
resolve small 
features.  

● Observable 
initial state is 
effectively a 
function of 
momentum 
exchange. 

● Lower momenta 
probes integrate 
over smaller 
(Δx,Δt) features. 

-Δp2
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Parton distributions in the proton
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When colliding two protons, the 
parton soups interact. 

Our initial state and therefore the 
effective center of mass energy √ŝ 
in any collision is a random process, 
determined by the probability to find 
a parton of type i with a fraction x of 
the momentum of the incoming 
proton. 

High probability of finding low-x 
partons.  Lot's of soft collisions for 
every hard scatter involving a large 
fraction of the proton's momentum 
=> need MANY collisions to do high 
energy physics.
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Seems messy...

Asymptotic freedom saves us.  Strong 
coupling constant weakens at large Q2.

● Leads to confinment at large distance (low 
Q2) scale O(R

proton
)

● But a hard interaction freezes out spectators 
and colliding partons act as if free

You don't use quantum mechanics to 
describe a bulldozer (or other macroscopic 
ensemble), why can we do it here?

We have many partons of varying 
momenta, all capable of interacting,why 
might we expect this to be sensibly 
describable?



UVa Task-C DØ Overview 8LHC@BNL July '10 8Bob Hirosky, UVa

 

PP collisions and jet production

Description of hard scattering factorizes from 
parton density model.  At leading order (LO) we 
have a 2-to-2 process.

Non-perturbative PDFs give initial parton states.  
Determined empirically, Q2 evolution according to 
QCD theory
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PP collisions and jet production

Cross sections for hard scattering of partons may 
be calculated via perturbative expansion in QCD

Non-perturbative PDFs give initial parton states.  
Determined empirically, Q2 evolution according to 
QCD theory

Final partonic states determined 
by convolution of PDFs and 
pQCD scattering amplitudes
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Moving into the final state

Varelas CTEQ Summer School 2009
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Fragmentation

Fragmentation functions D
h/d

(Z
h
,μ

F
) 

model  the probability of finding a 
particle of type h with a momentum 
fraction Z

h
 of the parent parton d

Outgoing parton fragments, another long-
range, non-perturbative process

● Determined from global fits of data from DIS and e+e- 
● Quarks and gluons fragment differently
● “evolution” of the fragmentation functions can be calculated by pQCD  
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The long and the short of it

Problem “neatly” factorizes into a perturbative hard scatter (+ hard 
radiation),
Non-perturbative parton density and fragmentation models (+soft 
radiation).

Short range,
hard scatter

Long rangeLong range
,etc
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Studying pp collisions
Accelerator energy is only part of the picture, b/c energy is split over 
many constituents, pp collisions scan wide range of √ŝ, or E

C.O.M.
 in 

partonic reference frame.

Most interesting collisions are usually selected by identifying particles 
with high momentum transverse to the beam direction, high transverse 
momentum or p

T
 (often use transverse energy E

T
 synonymously) 

Hard collisions (small impact parameter) can produce high p
T
 final 

states.  Like Rutherford scattering...

This forms the basis of many jet triggers, fast ID to process data in real 
time.

Note:  a high momentum outgoing parton boosts fragmentation 
products into compact cone around the the original parton => jet!
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Jets in hadron collisions, early days

UA2 1983, pp @ √s=540GeV

Plot azimuthal 
correlation of 
clusters with 
ΣE

T
>60 GeV

ΔΦ(cluster1,cluster2)

Define energy clusters as groups of adjacent calorimeter cells
Sum cells with E

T
>0.4GeV
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These are jets
“typical events” with ΣE

T
>100 GeV
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Effect of turning up the scale

proton antiproton

proton

antiproton

proton antiproton

proton

antiproton

“Jets” balanced back to back~an isotropic mess

Low ET event High ET event

ŝ << s ŝ ~ s
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More jets

Another typical jet event

Notice
Low-level 

“underlying event”

The two partons initiating these jets 
at DØ, carried about 2/3 of the 
incoming protons' momentum!
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I know one when I see one...
But what is a jet?

Important point: A jet is what you define to be a jet.  

We're not dealing with elementary objects: (e, gamma, μ, etc).
Jets are defined by algorithms, different algorithms find different jets.

A good jet algorithm:

● Gives consistent results whether applied to partons, particles after 
hadronization, or to detector-level information (tracks, energy 
clusters, ...)
● Is relatively stable wrt. noise,overlapping energy from soft collisions, 
hadron remnants
● Is relatively straightforward to calibrate (good resolution, smallish 
corrections, ...)
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Jet algorithms

For a review of jet algorithms, see the excellent overview 
by Gavin Salam at
Previous LHC@BNL workshop:
https://indico.bnl.gov/conferenceDisplay.py?confId=206

G. Salam
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The Tevatron and DØ
making and detecting jets
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Measuring jets
Building a great accelerator and detector, then defining jets is a 
good start, but reaching good levels of precision in jet 
measurements is a whole new effort...

details on jet scale here and ff, from J Hegeman (CALOR 08)
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EM

HAD

MU

hadron-level

parton-level

Clustering algorithm chosen to 
accurately define jets at detector 
particle, parton levels

Observed energies corrected to 
particle(hadron)-level expectations 

pQCD calculations are corrected 
for non-perturbative effects of 
hadronization and underlying event 

remnants/ULE →
  additional hadronization

Canonical picture of jet observables

Jet Energy
Scale
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EM

HAD

MU

hadron-level

parton-level

Clustering algorithm chosen to 
accurately define jets at detector 
particle, parton levels

Observed energies corrected to 
particle(hadron)-level expectations 

PQCD calculations are corrected 
for non-perturbative effects of 
hadronization and underlying event 

remnants/ULE →
  additional hadronization

Theory/experiment typically 
compared at particle-level

Canonical picture of jet observables

Compare data/MC here
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Jet Energy Calibration



UVa Task-C DØ OverviewLHC@BNL July '10 25Bob Hirosky, UVa

 

Offset Subtraction
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Absolute Response 
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Absolute response
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η-dependent corrections
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η-dependent corrections
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Detector Showering
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Detector Showering
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Detector Showering
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Additional biases
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Combined JES corrections
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Combined JES corrections

Most precise jet energy calibration
ever achieved at a hadron collider

Several years of dedicated effort,
and ongoing to maintain calibration 

withnew data. 
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Correcting jet measurements, resolution
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Access to hardest partonic subprocesses, approach limit:  s≈ s

CTEQ6.1 gluon 
uncertainty

Tevatron data provide unique and increasingly precise inputs with...

(x,Q2) reach ...large kinematic 
reach...

... into poorly 
constrained regions of 
pdf fits

QCD with jets
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Run II: σjet increased x5 at p
T
= 600GeV

      - sensitive to new physics:
         quark compositeness, 

     extra dimensions,  …(?)…
Theory @NLO is reliable (±10%)
     - sensitivity to PDFs, dynamics, α

s

     - unique reach for high-x gluon

x2

x5

x
T

Large high p
T
 cross section

→ unique sensitivity

High P
T
 jets
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pT (GeV)           

 Benefit from:
 - high luminosity in run II
 - increased run II cm energy → high p

T

 - hard work on jet energy calibration

~9 decades
measurement!

PRL 101, 062001 (2008)

Inclusive jet production

arXiv:0806.4890

shape well described by pQCD/ MRST2004
Exp. uncertainties < PDF uncertainties
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PDF sensitivity:
compare jet cross section at fixed

         x
T
 = 2p

T
 / sqrt(s)

Tevatron  (ppbar)
>100x higher cross section @ all x

T

>200x higher cross section @ x
T
>0.5

LHC  (pp)
need more than 1600fb-1 luminosity
to compete with Tevatron @8fb-1

more high-x gluon contributions
but more steeply falling cross sect.
at highest p

T
 (=larger uncertainties) 

Tevatron results will dominate high-x gluon for some years …

Incl. Jets: TeVatron vs LHC
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Analysis variable:

at LO, related to parton CM scattering angle

 flat for Rutherford scattering
 relatively flat shape in QCD 
 small PDF dependence
 enhancement at low χ

dijet
 for new physics

      - quark compositeness
      - ADD large extra dimensions
      - TeV-1 extra dimensions 

(increased scattering at large angles)

Small θ*Large θ*

Dijet angular distribution
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Analysis variable:

at LO, related to parton CM scattering angle

 flat for Rutherford scattering
 relatively flat shape in QCD 
 small PDF dependence
 enhancement at low χ

dijet
 for new physics

      - quark compositeness
      - ADD large extra dimensions
      - TeV-1 extra dimensions 

examine normalized distribution                   
to reduce experimental and theoretical uncertainties

Small θ*Large θ*

Dijet angular distribution
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L = 0.7 fbL = 0.7 fb-1-1
First measurement of angular distributions 
of a scattering process above 1 TeV

Good agreement w/ QCD, set limits on new physics models

Take data with single trigger (avoid 
correlated trigger biases)
Correct distributions to particle level
Analyze data in ranges of dijet invariant 
mass

Dijet angular distribution
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Most stringent 
limit

Most stringent limit 
from single process 
at hadron collider

Strongest limit from 
a hadron collider

Quark Compositeness: 
Λ= 2.58  TeV

A.D.D. LEDs: 
 M

S
=1.56  TeV

TeV-1 Extra Dims.: 
 M

C
=1.42  TeV

Exclusion limits on new physics models (95% CL)

Dijet angular distribution
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Dijet cross section
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Compare 
to NLO 
predictions
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Multijets: 3-jet mass
First measurement of 3-jet cross 
section at Tevatron
 Require >= 3 jets in the event
 Jet 1 p

T
 > 150 GeV

 Jet 2,3 p
T
 > 40 GeV

 Jets separated by ΔR > 1.4 = 
2*Rcone 
 Measurement performed in:

rapidity intervals 
|y| < 0.8, 1.6, 2.4
p

T
 ranges of the 3rd jet: 

p
T
Jet3 > 40, 70, 100 GeV

Compare data to NLO pQCD

Rapidity Dependence
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Multijets: 3-jet mass
First measurement of 3-jet cross 
section at Tevatron
 Require >= 3 jets in the event
 Jet1 p

T
 > 150 GeV

 Jet 2,3 p
T
 > 40 GeV

 Jets separated by ΔR > 1.4 = 
2*Rcone 
 Measurement performed in:

rapidity intervals 
|y| < 0.8, 1.6, 2.4
p

T
 ranges of the 3rd jet: 

p
T
Jet3 > 40, 70, 100 GeV

Compare data to NLO pQCD

pTJet3 Dependence

Unsmeared cross section, a first!
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3-jet CS vs NLO
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R3/2: 3-jet/2jet cross section ratio
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R3/2: 3-jet/2jet cross section ratio

Cross section corrections give systematic uncertainties at 2-6% level!
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R3/2: 3-jet/2jet cross section ratio
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Double Parton Interactions
gamma+3-jets

Scattering of two parton pairs in a 
collision
σeff: a measure of effective size of 
interaction region

Contains information on the spatial 
distribution of partons
Uniform: Large σeff :: small σDP 
Clumpy : Small σeff :: large σDP   

Increasingly important for 
backgrounds to X+n-jets 
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Double Parton Results

Average σeff = 16.4 ± 0.3(stat) ± 2.3 (syst) mb

DØ: PRD 81, 052012 (2010)

In agreement with previous CDF measurements: 
PRD 47, 4857 (1993); PRL 79, 584 (1997) 
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Exclusive jet production
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Exclusive jet production
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Exclusive jet production

Highest mass observation 
of exclusive processes
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The coupling strength, α
s
 is scale dependent, α

s
(μ

R
)

●  Its numerical value is not predicted in QCD
●  But Renormalization Group Equation (RGE), predicts μ

R
-dependence

  
●  Measure values in experiment and test RGE compatibility

● For jet production take μ
R
 = jet p

T

● Values of α
s
(μ

R
) can be compared at a common scale, typically 

α
s
(M

Z
), by using RGE

e.g. for two loop solution to RGE

α
s
 in QCD

Precision QCD
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Recent status of α
s
 measurements

2008 Review of 
Particle Physics 

Large uncertainty associated with 
“Hadronic Jets”

Previously not very competitive with 
other determinations

Now have the tools to substantially 
improve this result.

● More and better data
● More precise theory calculations

DØ data allow new precision 
measurements!

(error band includes theory)

past
   ^
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Extraction of α
s
 from inclusive jet CS

Phys. Rev. Lett. 101, 062001 (2008)

Renormalization Group Eqn 
uniquely relates α

s
(μ

R
), for 

arbitrary scale μ
r
 to α

s
(M

Z
)

Express theoretical prediction as: 

Most precise measure of 
inclusive jet production

Contains α
s
 dependence in ME 

as well as implicit α
s
 dependence 

in the PDFs  
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Extraction of α
s
 from inclusive jet CS

Strategy: Determine best fit to data using χ2 function

ξ : fit parameter, α
s
(M

Z
)

α : systematic parameters for calculation (PDFs, non-pert. corrs)
є : systematic parameters on measurement (luminosity, jet E scale, etc.)

Minimize χ2 wrt variable nuisance parameters (є,α).  These vary, but not freely, due 
to constraints from prior knowledge of systematics.

Uncertainties due to renormalization and factorization scales can not be treated as 
normal distributions.  Instead repeat fit with µ

r,f
 = 0.5p

T
, 2.0p

T
 and use difference with 

central result, µ
r,f
 = p

T
.
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Strategy: Determine best fit to data using χ2 function

ξ : fit parameter, α
s
(M

Z
)

α : systematic parameters for calculation (PDFs, non-pert. corrs)
є : systematic parameters on measurement (luminosity, jet E scale, etc.)

Contains ME and PDFs.  Minimizing for ξ = α
s
(M

Z
) requires 

knowledge of PDF sets including α
s
 dependence.  Use MSTW2008, 

provides fits for 21 values of α
s
(M

Z
) in range 0.110--0.130

Extraction of α
s
 from inclusive jet CS
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Choice of PDF models

arXiv:0905.3531v2
Eur.Phys.J.C64:653-680,2009

MSTW2008 provides 
PDF fits in fine binning 
of alpha strong.

Allow for smooth 
interpolation of results 
to arbitrary α

s
(M

Z
) in 

range

NNLO accuracy.
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Theory
PQCD (two alternatives):
● NLO + added 2-loop threshold corrections (from Kidonakis/Owens) 

'NLO + 2-loop'
● NLO as cross check
Uncertainties due to scale dependence: µ

r,f
 = p

T
 (+ x0.5, x2.0)

Matched to appropriate PDF models
● MSTW2008NNLO for NLO + 2-loop
● MSTW2008NLO for NLO

NLO calculations performed using fastNLO (arXiv:hep-ph/0609285)
● Based on NLOJET++, provides fast recalculations wrt arbitrary PDFs

Non perturbative corrections (hadronization/underlying event)
● From PYTHIA (as with Inclusive Jets analysis)
 Uncertainties: - 50% of correction, separately for each component



LHC@BNL July '10 65Bob Hirosky, UVa

Minimizing correlations for data, PDFs

Precision Tevatron jet 
data currently 
dominate models for 
gluon densities at 
high-x

Minimize correlations 
between data and 
PDFs by restricting 
analysis to kinematic 
regions where impact 
of Tevatron data do 
not dominate PDF 
determination.
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Parton-x sensitivity
At leading order, di-jet events access x-values of:

Mapping is less clear in inclusive cross section data
x-value not fully constrained given a measurement bin of p

T
, |y|

Full kinematics unknown, since we integrate over other jets

Construct 'test-variable' treating subleading jet(s) as a jet at |y|=0

Cut on x to restrict accessible x-range
Systematics based on variations of cut value
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Minimizing correlations for data, PDFs

Select points from inclusive 
cross section using 
approximate mapping having 
strong correlation with 
maximum parton-x in a  
2-body collision

Require 

corresponds to x
max

~0.2522 (of 110) data points 50<pT <145 GeV
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Results for α
s

- NLO Matrix Elements for five 
flavors, + additional 2-loop 
threshold corrections
(reducing renormalization/ 
factorization scale dependence)

- MSTW2008 NNLO PDFs

- Extends results from HERA 
to higher pT 

- Highest P
T
 measurements 

of running α
s
 to date
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Results α
s

α
s
(M

Z
) 0.1161

+0.0041
-0.0048

exp. uncorr. ± 0.0001

exp. corr. + 0.0034
- 0.0029

non-perturb
correction

± 0.0010

PDF
uncertainty

+ 0.0012
- 0.0011

µ(r,f)
variation

+ 0.0021
- 0.0029

Consistent with asymptotic freedom
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Have determined alpha strong from the 
DØ inclusive jet cross section

using theory at NLO plus NNLO 
corrections.

The measured α
s
(p

T
) supports the 

energy dependence predicted by the 
RGE.

This is the most precise determination 
of the strong coupling constant from a 
hadron collider, comparable to ep→jets.

Modifed from: arXiv:0908.1135
Eur.Phys.J.C64:689-703,2009

Phys. Rev. D 80, 111107 (2009)

CDF jets (2001) 

DØ 
inclusive jets
(2009)

Results α
s
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Jets analyses are a strong component of DØ physics programs

 Providing fundamental insights into light (& also heavy) flavor PDFs, 
perturbative & nonperturbative models

 Our data will dominate high-x gluon for some time

 Providing most stringent limits on numerous NP models until LHC 
accumulates large data sets. Comparisons w/ benchmark measurements from 
Tevatron will speed validation of any new physics signatures.

 V+jets data critical to sorting out major backgrounds to much new physics.

 Many analyses (eg. V+jets, X+HF jets, photons, highest Björken-x) still 
statistics limited, but only b/c of excellent understanding of detector.

DØ and our sister CDF have lead the way in precision QCD at a hadron 
machine.  Our data set will be 8x(or more) higher than most results here, 
solid foundation to begin LHC era.

Remarks
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Backups
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